ABSTRACT Corrosion affects the performance of grounding electrode materials buried in soil and threatens the safe operation of power systems. Natural corrosion of grounding electrode materials occurs over a long time and involves many influencing factors. Simulating the true corrosion environment of grounding electrode materials, exploring the corrosion mechanism, and accurately determining the corrosion condition of these materials are problems that must be solved urgently. In this paper, a corrosion simulation model of a vertical carbon steel grounding electrode was built based on the principle of electrochemical corrosion. The influence of soil parameters (oxygen concentration, pH value, and chloride ion concentration) on the corrosion characteristics of the grounding electrode was calculated. The corrosion rates of the vertical grounding electrode at different burial depths were compared with and without direct current. Simulation results showed that the corrosion rate of the grounding electrode changed linearly with oxygen concentration in the soil, changed negatively and exponentially with pH, and changed logarithmically with chloride ion concentration. Grounding electrode materials should be buried at a depth of 2 m when the time with no current in the grounding electrode is more than that with current. This burial depth can effectively reduce the influence of oxygen concentration on grounding corrosion. Moreover, the local reduction in hydrogen ion content must be considered during the construction of a grounding electrode to ensure that the grounding electrode surface is in a strong alkaline environment, which can passivate the grounding electrode and reduce the corrosion rate.
I. INTRODUCTION
High-voltage direct current transmission projects have been developed extensively in China due to the continuous expansion of the power system scale and extension of transmission distance. DC grounding electrode materials are important because they ensure the safe operation of DC systems, and the main factor that affects the safe operation of grounding systems is the corrosion and dissolution of grounding electrode materials [1] . Faults and unbalanced current in the DC system flow through the grounding electrode, and the electrode from which the current flows out is electrochemically corroded as an anode. This corrosion considerably accelerates the dissolution reaction, shortens the service life of the grounding electrode, and even destroys the grounding electrode when it is seriously corroded [2] . Hence, studying the corrosion characteristics of grounding systems is crucial. Domestic research on ground corrosion has focused on natural or accelerated and electrochemical corrosion tests [3] . To investigate electrode corrosion via simulation [4] - [11] , different electrode corrosion studies have used various simulation models, including local corrosion, galvanic corrosion, couple corrosion, and corrosion prediction models, to establish mathematical, physical corrosion, and electrochemical corrosion models. However, the effect of current on electrode corrosion was not included in these simulations. Meanwhile, a grounding corrosion simulation study [12] established a current overflow and corrosion model of a single grounding electrode in uniform soil and investigated the effect of ground current with different characteristics on the corrosion deformation of the grounding electrode. This research provided an effective method of grounding electrode corrosion simulation, but the simulation model does not consider the influence of soil parameters. Reference [13] used a simulation software (COMSOL Multiphysics) to analyze the effect of stray current on the corrosion of underground metal facilities. However, the ground current through the grounding electrode was not directly calculated.
The results of experimental studies on grounding electrode corrosion for metal specimens buried underground are accurate and practical. However, the methods used by these studies involve long test periods, large workloads, and many external factors. Electrochemical experiments are often conducted with electrochemical instruments, and soil corrosion is highly complex. Therefore, accurately studying the corrosion of grounding electrode materials in soil is difficult. Research that simulates the corrosion condition of grounding electrode materials in different soil types is rare. Soil corrosion is the main type of grounding electrode corrosion. Hence, the corrosion rate of the grounding electrode is affected by many factors in the soil, such as oxygen concentration, resistivity, pH, ion concentration, and water content. The oxygen concentration in soil is mainly determined by soil porosity. When soil porosity is high, the diffusion coefficient and content of oxygen in the soil increase. Soil resistivity depends largely on conductive ion concentration and water content in soil. Water content affects the physical and chemical properties of soil, such as soil acidity and ion concentration, and indirectly affects the corrosion rate of the grounding electrode. The influence of soil ion concentration on electrode corrosion is typically reflected by Cl − with high adsorption activity. Overall, the soil factors that affect grounding electrode corrosion can be summarized as three independent variables: oxygen concentration, pH, and Cl − concentration.
This work is based on the corrosion reaction equation on the grounding electrode surface and uses a method of controlling a single variable. The corrosion rates of a carbon steel grounding electrode under different oxygen concentrations, pH values, chlorine ion concentrations, and grounding currents are simulated to provide a reference for research on grounding electrode corrosion.
II. CONTROL EQUATION AND GROUNDING ELECTRODE STRUCTURE A. CONTROL EQUATION
The grounding electrode is embedded in alkaline soil, and soil corrosion is the main factor during the corrosion process. The grounding electrode surface during corrosion involves two chemical reactions as follows:
Cathode reaction:
In this work, the effect of oxygen concentration, pH, ion concentration, and DC current on ground corrosion are considered. Corrosion reaction strength is characterized by current density, which can be expressed by Tafel dynamics as [11] I Fe (y) = I 0,Fe exp{ 2. 
1) OXYGEN CORROSION REACTION
The current density of the oxygen reaction depends on the oxygen concentration. The diffusion of oxygen in the soil satisfies Fick's law.
where J i is the diffusion flux in kg/(m 2 /s), D i is the oxygen diffusion coefficient in soil in m 2 /s, c i is O 2 concentration in mol/m 3 , and ∇ is the gradient operator. When only the natural corrosion of the grounding electrode is considered, the net current density of the grounding electrode surface is
The grounding electrode cathode current is negative, and the anode current is positive.
2) HYDROGEN ION CORROSION REACTION
The electrode potential is the corrosion potential when the grounding electrode has no injection current. Cathode and anode reactions follow the Tafel equation during the corrosion process. Under room temperature, carbon steel is corroded uniformly in active zoom, and the relationship between the corrosion potential and pH value is as follows:
where v a and v c are the reaction order of the anode and cathode, respectively. λ a and λ c are the transfer coefficient of the anode and cathode in the electrode reaction, respectively. Experimentation confirms that the corrosion potential E corr of Fe has a linear relationship with the pH value of the solution. The equation between corrosion potential E corr and corrosion current density I corr is
The relationship between corrosion current density I corr and the pH value of the solution is
This expression indicates that the logarithm of corrosion current density I corr also has a linear relationship with the pH of the solution.
3) CHLORINE ION CORROSION REACTION
PH is mainly determined by hydrogen ions, but the anodic dissolution reaction of metal is more complex when there is an adsorptive activity anion in the acid solution, and the most typical adsorptive activity anion is Cl − . At the same time, hydrogen ion and chloride ion affect the corrosion rate of the grounding electrode, but there is no significant interaction effect. Hence, the effect of chlorine ion on grounding electrode corrosion was calculated, with the single variable controlled. The kinetic expression according to iron's anodic dissolution reaction is [15] I a = 2Fk a c −1
where I a is the reaction current density in A/m 2 ; k a is the rate constant of the reaction; c H − and c Cl − are the ion concentration in mol/m 3 ; c H − is 0.1 mol/L for calculation convenience;
RT F ∼ = 38.91 1 V ; and E corr is the corrosion potential in V.
4) DC CURRENT ELECTROLYSIS REACTION
In many electrochemical reactions, each change of 1 V in electrode potential can change the electrode reaction speed by 10 times [16] ; thus, the external current can control the velocity of the electrode reaction by changing the electrode potential. The external potential then changes the activation energy of the reaction freely and increases the dissolution rate of the grounding electrode surface. Extra DC current polarizes the grounding electrode and makes the corrosion potential move to the positive direction. The relation between current density and grounding electrode potential satisfies Tafel's formula.
When the grounding current is injected into the top of the grounding electrode, the current density at any point in the bulk of the grounding electrode is given by
where i in (y) is the current density vector that results from the potential gradient at that point. The current injected into the grounding electrode is the corrosion current, and its relationship with the anode and cathode current is
At this time, the grounding current directly increases the anode current of grounding electrode corrosion and the rate of the corrosion reaction.
When the ground pole is embedded in the coke bed, the current flow mechanism of the surface changes from ionic conduction in direct contact with soil to electronic conduction in contact with coke, which greatly reduces the loss rate of the grounding electrode.
B. GROUNDING ELECTRODE MODEL
The leaking current of a conventional circular DC grounding electrode is relatively uniform, and its soil condition is similar when laid horizontally. However, site selection for a grounding electrode is very difficult. A vertical grounding electrode is used, and the soil condition and current overflow density of each part of the grounding electrode are different. To reflect the effect of oxygen concentration and overflowing current on grounding electrode corrosion, a simulation model of a vertical grounding electrode with a length of 10 m and a radius of 0.02 m is selected. Common carbon steel is used for the grounding electrode. Low-carbon steel is the most commonly used grounding electrode material due to its abundance, low price, and simple corrosion process. The soil serves as the electrolyte for the grounding electrode reaction. The entire soil area has a size of 25 m 2 , resistivity is set to 200 · m, and the soil boundary electrolyte potential is set to 0 V. In the calculation process, the initial value of ground oxygen concentration is 8.6 mol/m 3 (oxygen concentration in air), the initial value of soil pH is set as alkaline soil with a pH value of 10.5, and parametric scanning is used to reduce soil pH during calculation. The initial concentration of chloride ion in soil salt content is 0.01 mol/L, and the ion concentration is increased successively. The vertical grounding electrode structure is shown in Fig. 1.   FIGURE 1 . Grounding electrode structure.
III. CORROSION RATE CALCULATION
For the corrosion rate of the grounding electrode surface, the equation is
where M j is the molar mass of dissolved-deposited materials in kg/mol and ρ j is the density of dissolved-deposited materials in kg/m 3 . R d,j,m is the reaction rate of dissolved-deposited substances in mol/(m 2 · s) and is expressed as
where d denotes dissolving or deposition, j denotes dissolved or deposited substances, and m denotes the reaction of dissolved-deposited substances, including cathodic and anodic reactions. v d,j,m is the reaction stoichiometric coefficients of dissolved-deposited substances. When the substances are dissolved, the symbol is negative. i loc,m is the local current produced by the reaction in A/m 2 , and n m is the number of electrons involved in the reaction. F is the Faraday constant of the reactive substance in C/mol. Equation (13) is substituted into (12) as follows:
In (13), the current term on the right can be obtained through (4) and (10), as described in Section II.A. The flow chart is presented in Fig. 2.   FIGURE 2 . Corrosion rate of grounding electrode calculation.
IV. SMALL-SCALE TEST AND SIMULATION CALCULATION
Owing to the slow corrosion reaction, a small-scale test is conducted on electrolytic corrosion in the laboratory. The calculation method mentioned in Section III is used to calculate the corrosion rate, and the correctness of the model is verified. × 1mm) as the reflux pole to conduct the electrolytic corrosion test. The output terminal of the DC power supply is connected with the test piece, the input terminal is connected with the reflux pole, and the series ammeter is used to detect the current data in the circuit loop, and the resistance of the circuit is about 35 after the current is stable, as shown in Fig. 3 . The DC current of the through flow, 1-4 A, is selected, and the test time is 1h. According to the initial weight and removed corrosion products weight of the test specimen, the weightlessness data of the test specimen under different current are shown in Table I . 
A. SMALL-SCALE TEST
A miller soil box (10cm × 10cm × 10cm) is loaded with soil simulant solution as a corrosion medium. The anode corrosion test piece is similar to the ground electrode material, with 60 mm × 50 mm × 3 mm size, and the cathode uses a carbon steel sheet (10cm × 10cm
B. SIMULATION OF THE SMALL-SCALE TEST
A simulation model of Fig. 11 is set up and shown in Fig. 4 . The size of the carbon steel test sheet and the soil box size is the same as that in the flow test. The conductivity of the carbon steel specimen is set to 8.41MS/m, the density is 7800kg/m 3 , and the molar mass is 0.056kg/mol. The conductivity of the electrolyte is set to 0.3S/m, and the calculated circuit resistance is 36.5 .
When 1 A DC is connected to the upper end of the test piece, the maximum flowing density on the surface is 1.33 × 10 3 A/m 2 , which is equivalent to the injection of 198 A current VOLUME 6, 2018 at the upper end of the ground electrode in Fig. 1 in Section II. The corrosion rate of the carbon steel specimen is calculated, and corrosion rate distribution on the electrode are shown in Fig. 5-6 .
The corrosion simulation results of the carbon steel specimen are in good agreement with the experimental results, and the simulation results can reflect the experimental results accurately.
V. CALCULATION RESULTS AND ANALYSIS

A. EFFECT OF OXYGEN ON CORROSION 1) OXYGEN CONCENTRATION DISTRIBUTION
When the grounding electrode is corroded, the oxygen content in the soil affects the corrosion rate and is the cause of the electrochemical reaction. Soil is a porous system. The oxygen source of the grounding electrode reaction is the dissolved oxygen in soil. Under the action of the concentration gradient, oxygen diffuses from the surface of the ground to the soil, leading to different oxygen concentrations in different locations of the grounding electrode, which further affects the surface corrosion current of the grounding electrode. Soil porosity greatly influences the effective diffusion rate of oxygen in soil, and the diffusion rate of oxygen varies in different soils. Under standard atmospheric pressure and temperature, the oxygen diffusion coefficient D in air is 1.98 × 10 −5 m 2 /s, and the corresponding coefficient in water is 1.9×10 −9 m 2 /s. As a result, different oxygen diffusion coefficients (1.9 × 10 −5 m 2 /s-1.98 × 10 −9 m 2 /s), which represent the soil water content and permeability, are adopted in this study. The results are shown in Fig. 7 .
According to (3) and Fig. 3 , the oxygen concentration in soil decreases with soil depth. When the oxygen diffusion rate in soil is low, the soil structure is dense, and the surface oxygen concentration on the ground extremes is slightly upward due to the concentration difference on the contact surface between the ground and soil. The oxygen concentration of the grounding electrode surface generally decreases with an increase in depth.
2) CORROSION RATE OF GROUNDING ELECTRODE SURFACE
According to (2) , the oxidation current density on the surface electrode increases with increasing oxygen concentration.
The surface current of the grounding electrode satisfies (4) when the ground surface has no grounding current; the oxygen concentration difference caused by different oxygen diffusion coefficients and its corresponding current density at the end of the grounding electrode under 1 m buried depth are calculated. Owing to the oxygen concentration 57234 VOLUME 6, 2018 difference, the corrosion rate at the end of the grounding electrode differs under different burial depths, as shown in Figs. 8 and 9 .
The grounding electrode only experiences natural corrosion when no grounding current exists. The maximum occurs at the top of the grounding electrode. Fig. 8 shows that the corrosion rate of the grounding electrode varies linearly with the oxygen concentration in the soil, and the trend is consistent with the experimental results in previous studies [17] , [18] .
Increasing the depth of the grounding electrode can effectively reduce the corrosion rate at the top of the grounding electrode.
B. EFFECT OF ACIDITY AND ALKALINITY ON CORROSION
Soil pH ranges from 3.5 to 10.5 in the simulation calculation, and the relationship between the corrosion rate on the grounding electrode surface and soil pH is calculated, as shown in Fig. 10 . The calculation results in Fig. 10 show that the corrosion rate of the grounding electrode varies negatively and exponentially with pH.
The effect of soil acidity and alkalinity on the corrosion rate of the electrode is reflected by soil acidity. When the soil is partially acidic, the corrosion rate of the electrode increases exponentially with the decrease in pH value. When the soil is alkaline, the electrode corrosion rate decreases with the increase in pH value, resulting in the passivation of the grounding electrode, which is similar to that in [10] , [19] - [22] .
C. EFFECT OF CHLORIDE ION ON CORROSION
The effect of chloride ion concentration on the electrode corrosion rate is calculated by changing the chlorine ion concentration in soil, and the results are shown in Fig. 11 .
The results of Fig. 11 show that the corrosion rate of the grounding electrode varies logarithmically with chloride concentration. Chlorine ion concentration promotes the electrode corrosion rate. When the chlorine ion concentration increases from 0.01 mol/L to 0.2 mol/L, the promotion effect is apparent. However, when the chlorine ion concentration increases, the promotion effect gradually decreases and VOLUME 6, 2018 FIGURE 11. Curve of the relation between corrosion rate of the electrode and chloride ion concentration.
becomes saturated eventually, which is consistent with the test results in literature [22] - [24] .
The soil condition in this paper is ideal, while the actual soil is far more complicated because it contains more than one kind of anion. Different kind of anion will produce different kind of corrosion product, and affect the corrosion rate in return to some extent. This feed back reaction is not considered in this paper, but the result and conclusion can reflect the main phenomenon and characteristic.
D. EFFECT OF CURRENT ON CORROSION
When extra current flows on the grounding electrode surface, the current on the grounding electrode surface satisfies (11) , and electrolytic corrosion occurs on the grounding electrode. In the model of this work, 1 A grounding current is injected into the top of the grounding electrode, and the current overflows from the grounding electrode to the soil. The current distribution of the grounding electrode surface is shown in Fig. 12 . The current density distribution on the same ring electrode is uniform for a circular-ring grounding electrode. With a certain 800 kV ultrahigh-voltage direct current transmission project as an example, the maximum overflowing current density of the ring-type grounding electrode is approximately 0.44 A/m 2 when the maximum grounding current reaches 7530 A [25] . When 1 A grounding current is injected into the top of the vertical grounding electrode, the maximum overflowing current density on the grounding electrode surface is much greater than that of the circular earth electrode, which accelerates the corrosion rate of the grounding electrode. The 1 A DC current is injected into the top of the grounding electrode, and the corrosion rate of the grounding electrode is shown in Fig. 13 . The corrosion rate at both ends of the grounding electrode is high, but the maximum value occurs at the bottom of the grounding electrode due to the end effect. Moreover, when the burial depth increases, the current on the grounding electrode increases slightly. Fig. 13 shows that the corrosion rate at the bottom end of the grounding electrode is reduced when the burial depth is increased. However, the effect of current on grounding electrode corrosion is much greater than that of oxygen. Hence, the electrode corrosion rate at the top of the electrode increases.
DC current (1-10 A) is injected into the upper surface of the grounding electrode, and the corrosion rate at the grounding extreme part is calculated by (10) .
When positive current is injected into the anode, the anodic corrosion current density increases significantly, the anode dissolution rate increases, and the corrosion is accelerated. Fig. 14 shows that the corrosion rate on the electrode surface increases linearly with the increase in DC current, which is consistent with Faraday's law. When the ground depth is 1 m, the corrosion rate at the bottom end of the grounding electrode is 1.02 × 10 −13 m/s without external current. When 1 A current is injected, the corrosion rate at the bottom of the grounding electrode is 2.51 × 10 −10 m/s, and the grounding electrode corrosion rate can be increased by three orders of magnitude when the external current is 1 A. The calculation results of corrosion rate at different burial depths are shown in Table II . Without current injection, the maximum electrode corrosion rate at a burial depth of 2 m decreases by 34% compared with that at a depth of 1 m. The maximum electrode corrosion rate at a burial depth of 3 m decreases by 16% compared with that at a depth of 2 m. As the depth increases to 4 m, the maximum electrode corrosion rate decreases by 16% compared with that at a depth of 3 m. When the top end of the ground electrode is injected with 1 A of direct current, the corrosion rate at the bottom end electrode decreases by 4.4% at a depth of 2 m compared with that at a burial depth of 1 m, but the upper end increases by 30.7%. When the depth increases to 3 m, the corrosion rate of the bottom electrode decreases by 2.9% compared with that at a depth of 2 m, but the top end increases by 16.2%. Therefore, when no current flows into the upper end of the grounding electrode, the grounding pole must be buried at a depth of 2 m, which can effectively reduce the influence of oxygen concentration on grounding electrode corrosion. The increase in burial depth is ineffective in reducing the corrosion rate of the grounding electrode when the grounding current is high.
These simulation results indicate that DC current exerts the greatest influence on the corrosion rate of ground poles, and chlorine ion concentration has the least influence. In alkaline soil, the influence of oxygen concentration on the corrosion rate of the grounding electrode is stronger than that of pH.
In acidic soil, the influence degrees of the two factors are related to soil acidity.
VI. CONCLUSION
Using a finite element software, a corrosion model of a vertical grounding electrode in soil was established, and the corrosion characteristics of the carbon steel grounding electrode under the influence of different soil factors were analyzed. The effects of soil parameters (oxygen concentration, pH, and concentration of chloride ion) and DC current on the corrosion rate of the grounding electrode were calculated. The following conclusions were obtained.
1) The small-scale test conducted in this study verified the correctness of the simulation model. 2) The oxygen concentration on the grounding electrode surface is related to the diffusion coefficient of the soil. With the increase in oxygen concentration, the corrosion rate of the grounding electrode generally increases exponentially. When the grounding electrode operates without external current for a longer time than with external current, the ground burial depth should be 2 m, which can effectively reduce the effect of oxygen concentration on grounding electrode corrosion. 3) A negative exponential relationship exists between soil pH and grounding electrode corrosion. With the increase in pH, the corrosion rate of the grounding electrode decreases, and the grounding electrode is passivated. In the construction of a grounding electrode, the content of hydrogen ion can be reduced locally, and the grounding electrode surface is in a strong alkaline environment. Thus, the grounding electrode can be passivated, and the corrosion rate can be reduced. 4) The chloride ion in the soil can promote the corrosion rate of the grounding electrode, but the effect becomes saturated with the increase in chloride ion concentration. The effect of chlorine ion on the corrosion rate of the grounding electrode is logarithmic. 5) When the grounding current is 1 A, the corrosion rate of the grounding electrode increases by three orders of magnitude compared with the corrosion rate with no grounding current. The corrosion rate of the electrode surface increases linearly with the increase in DC current. Owing to the polarization effect of the grounding current and the current end effect of the vertical grounding electrode, increasing the burial depth is not an effective means to reduce the corrosion rate of the grounding electrode. ZHIHUI ZHENG is currently pursuing the M.S. degree with the School of Electrical Engineering, Wuhan University, China.
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